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Crystallochemical changes of (Pb5Ca5)(VO4)6F2 apatite under
electron irradiation were examined by transmission electron
microscopy. The apatite, a synthetic analog of vanadinite, was
moderately stable towards a less intense 300-keV LaB6 source,
while it changed rapidly in structure when exposed to the higher
flux of a 200-keV field emission gun. The electron beam induced
transformation of vanadinite proceeds sequentially by (i) migra-
tion and loss of fluorine, (ii) lead volatilization and conversion
to 2–5-nm platelets of a glaserite-type structure, and (iii) the
reduction of V51 to V41 with the removal of lead and calcium
oxide that leads to single-crystal CaVO3 perovskite as the
ultimate product. The phase transformations are interpreted
based on the crystallographic relations among the CaVO3
perovskite, the (Pb5Ca5)(VO4)6F2 apatite and the glaserite-
type structures, and compositional changes under electron
irradiation.
I. Introduction
SOIL contaminants such as lead, arsenic, mercury, and cad-mium that degrade groundwater quality are subsequently
absorbed by plants and animals, and can promote a variety of
acute and stochastic medical conditions. Metal mobilization is
therefore a problem of long standing. Typically, the treatment of
heavy metal bearing wastes are studied on a case-by-case basis,
and many thermal, biological, and physical/chemical treatment
technologies have been used to manage industrial wastes and
contaminated sites containing pollutants at low levels. For
highly concentrated toxic metals and radioactive isotopes crys-
tallochemical immobilization is often considered the technology
of choice. Numerous studies have demonstrated the effective-
ness of fixing hazardous inorganic materials in durable cera-
mics that can sustain high loadings and density. However, the
diversity of such ceramics and the complexity of their environ-
mental reactivities require the systematic study of each stabiliza-
tion system under development.
Apatite-based ceramics have been widely investigated as their
capacity to incorporate toxic heavy metals is inherently high.1,2
Apatites also have low dissolution rates that in favorable
circumstances of reuse or disposal can meet stringent environ-
mental regulations. In general, the group can be described as
[A(1)2][A(2)3](BO4)3X with complete or partial filling of the A-
sites by Na, Mg, Ca, Sr, Ba, Pb, Cd, La, or Ce, the B-site by V,
P, As, S, Si, Ge, Cr, or B and X commonly by a halide or
hydroxyl ion.3 Some minerals (e.g., belovite) retain Th and U
and their disintegration products. Within the group, hydroxya-
patite (HAp) is the most thoroughly studied, as it is the main
inorganic component of bones and teeth and its potential to
concentrate lead,4–6 cadmium,7–9 and radionuclides10 is also well
documented. It has also been found that HAp degrades rapidly
when exposed to high-energy electrons during transmission
electron microscopy (TEM) studies.11–15 This may have implica-
tions for the stabilization of b-emitting nuclides such as Sr-90
(average emission energy 196 keV) or Cs-132 (157 keV).
This report extends an earlier investigation which noted that
vanadinite was more resistant than its phosphate analog to
electron irradiation,16 although the dose dependence and ulti-
mate transformation products were not determined. In the
present study, crystallochemical damage of the vanadinite
(Pb5Ca5)(VO4)6F2 was studied by a 200 keV TEM with a field
emission gun (FEG-TEM) and a 300-keV TEM with a lantha-
num hexaboride (LaB6-TEM) source with less intense electron
flux. Using this approach, the dose dependence of electron
irradiation on damage ingrowth could be investigated, and in
the case of the LaB6-TEM simultaneous collection of micro-
chemical and crystallographic information was possible. Even
though the rate of modification is quite different in these two
experiments, the transformation mechanism and final product
are identical.
II. Structure of Mixed Metal Apatites
The crystal structures of [A(1)2][A(2)3](BO4)3X P63/m apatites
possess two distinct A-sites, A(1) and A(2). In mixed metal
compounds, the A(2) interstice is the preferred location for
relatively larger cations while smaller cations enter the A(1)
position. However, such partitioning is observed only in natural
specimens or materials that have been subjected to long heat
treatment. The (Pb5Ca5)(VO4)6F2 vanadinite in its equilibrated
state has such a structure and its crystallographic data is given in
Table I.17 The dominant crystallographic features are isolated
VO4 tetrahedra that are corner-connected to [Pb/Ca(1)]O6
metaprism columns aligned parallel to [001] to form one-dimen-
sional tunnels in this direction (Fig. 1). The idealized [Pb/
Ca(2)]O5F octahedra has its coordination sphere expanded to
seven, and is the preferred location for Pb21 leading to a
partitioning coefficient (kPb) of 0.17 rather than 0.66, as implied
by the compositional formula.z The A(2) tunnels are rich in lead,
is mobile due to the larger anion-coordination sphere and
proximity to F, and readily exchange with species of similar
size in dilute salt solutions. The X sites are also the loci for the
activation of electron beam damage.
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zkPb(A1/A2)5 (22N(Ca1))/(33N(Ca2)) where N(Ca1) and N(Ca2) are the occupan-
cies of Ca on the A(1) and A(2) sites respectively.
III. Experimental Methods
The (Pb5Ca5)(VO4)6F2 vanadinite was synthesized by solid
reaction.17 CaO (obtained by decomposition of AR grade
CaCO3 at 9001C), PbO, V2O5, and CaF2 powders were mixed
in stoichiometric proportions (4:5:3:1 respectively) and held in
an alumina boat while fired in air at 8001C for 10 h, followed by
a further 7-week annealing at 8001C to equilibrate the lead/
calcium partitioning over the A(1)/A(2) crystallographic sites.
Specimens for electron microscopy were prepared thus: a small
quantity of vanadinite powder was dispersed ultrasonically in
ethanol and a drop of suspension then deposited onto a holey-
carbon-coated copper-grid and allowed to air dry. High-resolu-
tion TEM (HRTEM) was carried out with a JEOL JEM2010F
TEM (JEOL, Tokyo, Japan) operated at 200 kV with a field-
emission (FEG) source. X-ray energy-dispersive spectroscopy
(EDS) and HRTEM were also conducted using a JEOL
JEM3010 TEM at an accelerating voltage of 300 keV with a
lanthanum hexaboride (LaB6) source, and fitted with a Si(Li) X-
ray analyzer.
For both sets of experiments, a low-background double-tilt
holder was used to align crystals in [0001], [2110] or [1010]
orientations. During irradiation the electron beam was not
completely focused, but expanded sufficiently to illuminate
entirely the crystal under study. Only slight specimen drift was
observed. The duration of the TEM-FEG experiments was less
than 15 min, and it was difficult to obtain images that did not
show damage ingrowth. For the TEM-LaB6 studies experiments
of several hours’ duration were possible, with intervening collec-
tion of selected area electron diffraction (SAD) patterns and
EDS. The electron flux for the TEM-FEG and TEM-LaB6
experiments was estimated to be of the order of 107–109 and
105–106 A/cm2 steradian, respectively.
HRTEM images of the perfectly ordered vanadinite were
simulated using the multislice approach18 based on the structure
of (Pb5Ca5)(VO4)6F2 determined by an earlier X-ray diffraction
(XRD) refinement (Table I). Experimental and instrumental
parameters used in the simulations are summarized in Table
II. A set of images simulated bracketing the experimental
conditions used for imaging in the FEG-TEM are shown in
Fig. 2. Before comparison with the multislice simulations,
experimental images were processed using Fourier transform
(FT) methods and constrained with planar space group symme-
tries to obtain reconstructed projected potential maps.19–22
Single HRTEM images collected near Scherzer defocus could
be analyzed in this manner; however, through-focal series could
not be collected due to damage ingrowth.
IV. Results
(1) Stage I Tunnel Diffusion
At low electron doses in the TEM FEG vanadinite [0001]
crystals remain intact, at least to the level interpretable in
Table I. Crystallographic Data for Vanadinite of Ideal Composition [Pb5Ca5](VO4)6F2 and Cell Constants of a5 10.0124(2) and
b5 7.1880(1) Å17
Site Scattering factor Wyckoff symbol x y z B (Å2) N
A(1) Ca21 4f 1/3 2/3 0.0059(12) 1.4 0.83
Pb21 0.17
A(2) Ca21 6h 0.2426(2) 0.0036(3) 1/4 1.7 0.32
Pb21 0.68
B V51 6h 0.4093(6) 0.3805(6) 1/4 0.6 1
O(1) O2 6h 0.3393(18) 0.5057(17) 1/4 1 1
O(2) O2 6h 0.6074(20) 0.4807(17) 1/4 1 1
O(3) O2 6h 0.3499(11) 0.2639(12) 0.0583(14) 1 1
X F 2a 0 0 1/4 1 0.6
Fig. 1. (Pb5Ca5)(VO4)6F2 vanadinite projected along its principal axes. Two representations are used. In one, the traditional emphasis on regular VO4
tetrahedra in ball and stick format is given. In the other, the calcium-rich AO6 metaprisms and VO4 tetrahedra are highlighted to underscore the one
dimensional tunnel structure. Ion exchangeable and electron-sensitive lead and fluorine are located in these channels.
Table II. Microscope Parameters
Parameter 200keV FEG 300keV LaB6
Cs (mm) 1.2 1.4
Cc (mm) 1.6 1.2
Semi-convergence (mrad) 0.5 0.5
Energy spread (eV) 0.6 1.6
Flux (A  cm2  steradian1) 107–109 105–106
FEG, field emission gun.
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high-resolution images. However, after an exposure of r1min,
damage became evident as mottled areas 2–3nm in extent
although the characteristic hexagonal array of bright dots
(corresponding to the X anion columns) persisted (Fig. 3(a)).
Fourier reconstruction of the images from such lightly damaged
crystals yielded potential maps (Fig. 3(b)) readily constrained to
p6 symmetry (consistent with the [001] projection for P63/m) that
were in good agreement with the simulated images (Fig. 2(a)).
Similar concurrence was obtained for [2110] projections where
potential maps were constrained with the two-dimensional
symmetry of p2gm ([100] for P63/m) (Figs. 2(b) and 3(d,e)).
(2) Stage II Cation Migration and Phase Separation
TEM-FEG irradiation for 41min lead to decoration with disc-
shaped (sometimes faceted) nanocrystals, inclusions, and etch
pits with an average diameter of B5nm (Fig. 4). These were
especially pronounced near the crystal edge and indicative of
substantial lattice breakdown and migration of material. The
hexagonal motif of white dots remained recognizable in thicker
regions of the crystal wedge (Fig. 5 (a)), but reconstructed
images were incompatible with apatite, even with the imposition
p6 symmetry. However, the planar space group p2gm led to the
reconstructed potential map shown in Fig. 5(b) that was con-
sistent with image simulations modeled by a glaserite structure
type (S.G. P-3m1) of nominal composition (Ca,Pb,&)3V(VO4)2
(Fig. 5(c)).
(3) Stage III Reduction and Recrystallization
Long-term irradiation carried out with the less intense LaB6
TEM permitted tracking of structure evolution through collec-
tion of bright field images, diffraction patterns, and energy-
dispersive X-ray analysis. During the first 10-min exposure, the
surface of the particle was altered similarly to the 1-min FEG
irradiation (Fig. 6(a,b)). With further exposure, the diffraction
pattern contained additional Bragg reflections and diffuse in-
tensity along [3210] indicative of the recrystallization of new
phases (Fig. 6(b,c)). A weak diffraction ring indicates the
formation of fine crystals and is consistent with the HRTEM
images shown in Fig. 4. From 20 to 40 min the vanadinite
diffraction pattern remains predominant although its relative
intensity gradually diminishes. After 60-min exposure, vanadi-
nite reflections continue to weaken, and new reflections consis-
tent with CaVO3 perovskite are recognizable (Fig. 6(d)). After
80 min, conversion to single-crystal perovskite is complete
Fig. 3. High resolution images for vanadinate irradiated for o1min in
the FEG-TEM maintain the apatite structure. For the [0001] projection
the (a) as-collected image; (b) processed image constrained by P6
symmetry; (c) coincidence with the crystal structure projection are
shown. The corresponding information for the [2110] zone axis is
presented in (d)–(f) with image processing constrained by p2gm
symmetry.
Fig. 2. Simulated HRTEM images of (Pb5Ca5)(VO4)6F2 calculated for
the (a) [0001] and (b) [2110] zone axes. The conditions bracket those used
for collection of experimental images in the FEG-TEM. The correspon-
dence between the images and structure are shown in overlay.
Fig. 4. The formation of calcium-rich glaserite-type 2–5-nm domains after irradiation for (a) less than 2 min, (b) 5 min and (c) 10 min. The parent
apatite structure is oriented in [2110]. A lower magnification image (d) shows the migration of more volatile phases, presumed to be lead-rich glaserite
and lead oxide, prior to vaporization.
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(Fig. 6(e)).23 To maintain charge balance recrystallization was
accompanied by the reduction of V51 to V41. The removal of
lead through volatilization (from the entire region under analy-
sis) was quite small until the reaction was complete. Irradiation
for a further 20 min resulted in no further changes. While the
reaction sequence described above was most common, it was
sometimes observed that V was driven out along with Pb before
the complete perovskite recrystallization. In these cases CaO
was the ultimate reaction product.
V. Discussion
(1) Relationship between Apatite, Glaserite, and Perovskite
Structure Types
The transformation from apatite to perovskite is not unexpected
crystallographically. The geometrical relationship between
apatite and perovskite is most readily visualized and derived
through a two-step change in the axes of reference illustrated in
Fig. 6. If the unit cell vectors of the orthorhombic perovskite are
Fig. 6. Complete evolution of a CaVO3 perovskite crystal from a (Pb5Ca5)(VO4)6F2 apatite crystal during irradiation under LaB6 emission as monitored
by bright-field microscopy, electron diffraction, and energy-dispersive X-ray analysis. The cumulative irradiation times were (a) 0min, (b) 10min, (c)
20min, (d) 60min, and (e) 80min. The external form of the apatite is preserved although there has been some crystal tilting during the experiment. Lead,
calcium, and vanadium are slowly lost from the structure; however, the lead is not immediately transported away from the analysis region.
Fig. 5. A region of [0001] altered apatite containing a distinctive hexagonal array of bright spots. (a) Fourier processing of the region within the square
using p2gm symmetry constraints yielded the highly symmetric image shown in (b). This image shows good agreement to a simulated image (c) calculated
using Ca, Pb glaserite as the model. Correspondence between the image and the glaserite motif is emphasized in (d).


















then the transformation T1 is















a ¼ 2 cJi
cJa ¼ aJi
The overall transformation from perovskite to apatite
























































Ideally, the unit cell volume ratio of apatite:perovskite5 3:1.
The geometrically derived cell constants are compared with
those measured for (Ca5Pb5)(VO4)6F2 (Table I) and CaVO3 in
Table III. It is remarkable that despite the apparent crystal-
lographic dissimilarities of apatite and perovskite the divergence
in unit cell volumes is only 2.9%. This small volume change
explains why single-crystal integrity, as evidenced by the re-
tention of shape in Fig. 6, is maintained despite substantial
chemical dissociation.
The conversion of apatite to perovskite via glaserite is also
possible crystallographically as illustrated in Fig. 8. As noted
earlier, apatite is a one dimensional tunnel structure constructed
of A(1)O6 metaprisms that are corner-connected by BO6 tetra-
hedra. The metaprism twist angle (j) is flexible and highly
sensitive to chemistry and crystal equilibration.17 The X anion
can be described as occupying a large octahedral ‘‘interstice’’
shown in Fig. 7(a). Apatite topology can be converted to that of
glaserite by fixing j5 301 to form more a regular octahedra (as
viewed along [0001]) while at the same time rotating BO4
tetahedra to align their threefold axes, rather than twofold
axes, with the projected direction. In so doing, the large XO6
octahedra are reduced to a size equivalent to the A(1)O6 units
(Fig. 7(b)). Perovskite can be derived from glaserite through
reduction of vanadium and oxygen migration that converts
isolated BO4 tetrahedra to corner-connected BO6 octahedra.
At the same time larger A(2) cations migrate to fill the interstices
created by topologically flexible A(1)O6, BO4 and BO6 polyhe-
dra. Increasing j leads to compression of the metaprisms along
[0001]a, and consequently the discrepancy of the refined and
transformed ca parameter (8.4%) is greater than for the aa cell
edge.
(2) Crystal Chemical Mechanism for Apatite to Perovskite
Conversion
(A) Stage I Tunnel Diffusion: The X anions of apatite
are mobile and readily exchanged for other anion or oxy-anion
species. Their reactive and mobile nature in electron microscopy
has been observed by many workers,14,15 and in the case of
hydroxyapatite Ca10(PO4)6(OH)2 complete conversion to Ca10-
(PO4)6O is possible.
24 It seems likely that incipient damage in
vanadinite proceeds by a similar mechanism such that:
2F ! &FO2 ð1Þ
ðCa5Pb5ÞðVO4Þ6F2 ! ðCa5Pb5ÞðVO4Þ6Oþ F2 " ð2Þ













aÞ by T2. The overall change in cell axes is illustrated in (c).
Table III. Comparison of Cell Constants Refined from X-ray
Diffraction Data and Geometrically Transformed (A-P and
P-A) Cell Constants Derived from These Values
Cell constants Refined Transformed Comparison (%)
(Ca5Pb5)(VO4)6F2
a (Å) 10.012 10.6612 16.5
b (Å) 10.012 10.6792 16.7
c (Å) 7.118 6.5185 8.4
a (1) 90 90.0 0
b (1) 90 90.1 10.1
g (1) 120 120.1 10.08
Va (Å
3) 624.0 642.4 12.9
c/aav 0.71 0.61 14
CaVO3
a (Å) 5.3171 5.5961 15.2
b (Å) 7.5418 7.5085 0.4
c (Å) 5.3396 5.0062 6.2
a (1) 90 90.0 0
b (1) 90 90.0 0
g (1) 90 98.6 19.6
Vp (Å
3) 214.1 208.0 2.8
Va/Vp 2.9 3.1 6.9
The refined values for apatite and perovskite are taken from Dong and White17
and Garcia-Jaca et al.,23 respectively.
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For this replacement, the apatite framework remains intact, and
as F/O weakly scatter electrons, high resolution TEM is rela-
tively insensitive to such changes. Therefore, although subtle
modification of the images was observed (Fig. 3) the overall
structure is undifferentiated from apatite.15
(B) Stage II Cation Migration and Phase Separation:
Subsequently, tunnel O2 and Pb21 are simultaneously driven
from the apatite to yield A3(BO4)2 structures of the glaserite
type.
Pb2þ þO2 ! &Pb þ&O ð3Þ
ðCa5Pb5ÞðVO4Þ6O ! ðCa5Pb4ÞðVO4Þ6 þ PbO " ð4Þ
At this point, dissociation and rearrangement of A3(BO4)2 takes
place to produce a volatile lead-rich glaserite that for a period
adheres to the underlying crystal before being lost to the vacuum
as recorded in Fig. 4(d).
ðCa5Pb4ÞðVO4Þ6 ! 2ðCa2:5Pb0:5ÞðVO4Þ2
þ Pb3ðVO4Þ2 " ð5Þ
The higher melting point calcium-rich phase is more resistant to
electron beam damage and less mobile, forming disk-like do-
mains 20–50 nm in extent (Fig. 4(b,c)). A compositional con-
tinuum between the (Ca2.5Pb0.5)(VO4)2 and Pb3(VO4)2 glaserite
probably exists. Moreover, several polytypes of the endmem-
bers,25–27 Ca3(VO4)2, and Pb3(VO4)2, can be created through the
c-axis A-vacancy ordering, although it was not possible using
the present data to differentiate which phase(s) dominate. The
linear diffuse intensity in the diffraction patterns of Fig. 6(b,c)
may be indicative of polytypic ordering. While the image
analysis in Fig. 5 is consistent with glaserite crystallization,
this projection would not reveal polytypic intergrowth, and
over-interpretation should be avoided. Nonetheless, it is clear
that vanadinite has been substantially altered to an intermediate
compound(s).
(C) Stage III Reduction and Recrystallization: In the
final stage, vanadium is reduced from pentavalent to tetravalent
form.
2V5þ þO2 ! 2V4þ þ&O ð6Þ
During this process, the calcium-rich glaserite loses its remaining
lead and some calcium to crystallize as perovskite.
2ðCa2:5Pb0:5ÞðVO4Þ2 !4CaVO3 þ PbO "
þ CaOþO2 "
ð7Þ
In this manner, apatite is converted through reconstructive
transformation to single-crystal perovskite.
(3) Comparison of Phosphate and Vanadate Apatites
Although apatite crystal structures, particularly those of HAp,
have been deeply studied using X-ray diffraction,28–30 TEM has
proved more difficult due to its instability under the electron
beam that leads to monoclinic distortions and ultimately amor-
phization.31,32 Aside from the formation of CaO no new phos-
phorous-bearing phases have been detected. This is in contrast
to vanadinite where at least two new phases were identified
directly—glaserite and perovskite types—and others are pre-
sumed to exist transiently (e.g., CaO, PbO). HAp is restricted in
its transformation options because phosphorous must be penta-
valent, differential volatilization (as occurred with Pb- and Ca-
rich components of vanadinite) is impossible, and a ‘‘CaPO3’’
perovskite entity cannot exist. Other apatites possibly suscep-
tible to electron damage leading to recrystallization of new
compounds, including perovskite or perovskite-related phases,
include Sr5(VO4)3(Cu0.896O0.95)
33 to yield SrVO3
34 and Ba5-
(MnO4)3Cl
35 to yield BaMnO3.
36 Recently, Boechat et al.37 re-
ported that reduction in hydrogen of Ca10(PO4)6x(VO4)x(OH)2
with x41.5 also leads to the formation of CaVO3, demonstrat-
ing the generality of the apatite–perovskite structural relation-
ship for compounds containing multivalent tetrahedral species.
The underlying reasons for the higher stability of vanadinite
compared with HAp have not been determined as this would
require a computational approach used by Senger et al.11 to
estimate collision cross-sections for various ions. In this study, a
relatively complex apatite was irradiated and it is unclear
whether the V2P or Ca2Pb substitution were equally im-
portant in facilitating radiation resistance. Clarification of this
point would require a comparative investigation of Pb5(PO4)3F,
Ca5(PO4)3F, Pb5(VO4)3F, and Ca5(VO4)3F.
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